Bridges represent a key part of infrastructure, playing a critical role in emergency response and post-event reconstruction. In this context, it is important for bridges to be able to survive both ground shaking and the effects of tsunamis. This paper focuses on numerically modeling bridge loading due to tsunamis. Although several studies have addressed the effect tsunami loads on bridges, few have examined the influence of debris carried by the tsunami. These problems involve complex contact interactions between solids and fluids that are not easily accommodated using typical fluid-oriented or solids-oriented numerical frameworks. In this paper the material point method (MPM) is used to address fluid and solid (moving and stationary) interactions with emphasis in evaluating demands on bridge superstructures by tsunami-driven debris.
Introduction
Throughout history, strong earthquakes have struck countries all over the world and caused major damage. Most of this damage has been due to ground shaking, but in coastal areas tsunamis induced by earthquakes have resulted in greater loss of lives and infrastructure. As coastal populations continue to increase around the world, understanding and managing tsunami effects on infrastructure becomes increasingly important.
The objective of this study is to give preliminary results for researchers and engineers trying to understand the demands on bridge superstructures by tsunami-driven debris. It is imperative that bridges are able to survive both ground shaking and the effects of tsunamis caused by earthquakes. Many prior numerical and experimental studies considering tsunami induced loads on bridges have been done, especially after the Great East Japan Earthquake. However, few of these earlier studies have examined the influence of debris carried by the tsunami. The studies that have been completed have demonstrated that debris can cause strong impact forces on columns and walls [1] [2] [3] .
Lessons from these studies should be straightforward to apply to bridge vertical structures (i.e. bridge piers), but need some adjustment when applied to bridge superstructures, since in this case flows carrying debris have different characteristics compared with flows considered in the previous studies. In addition, debris can also affect the fluid motion around the bridge and introduce additional forces with longer duration compared to the impact. This class of problems is not well studied yet in the literature and involve complex contact interactions between solids and fluids. These effects are not easily accommodated with typical fluid-oriented or solid-oriented numerical frameworks. In this research the material point method (MPM) is used to model these complex fluid/solid (moving and stationary) interactions. The ultimate goal of the work is to model tsunami induced debris impacts in three dimensions like shown in Figure 1 and to understand damming and more complex flows around the superstructure during a tsunami. The results presented in this study are obtained using a single-threaded MPM code. This limits the mesh and particle refinements used in the validation examples and the debris-induced load study is relatively coarse compared to general applications found in the literature. A program allowing for parallel computing and /or one that employs implicit algorithms is necessary for further study in the future.
Background
With large peak values, impact forces due to debris (solid objects) can cause severe local damage on bridge components, even though they happen in a very short time. In the literature, impact forces are evaluated using simple equations based on fundamental physics. In ASCE/SEI 7-10 [4], for instance, maximum impact forces F I p are calculated using impulse-momentum based equations of the form
where m d and v d represent the mass and impact velocity of the debris, and ∆t I is the time interval over which the debris stopped from its original velocity v d . Recommended and measured values of ∆t I range from 10 −3 seconds to 1.0 seconds. This diversity of ∆t I results in very different impact forces and hence demands on structural systems. To improve Equation (1) and avoid the need to select a ∆t I , the flexibility of the solid object representing the debris is considered. By simplifying the collision of a debris into a bridge deck by a 1D spring model with equivalent stiffness k eq , Equation (1) can be rewritten as, where c I is a constant. Piran Aghl et al. [3] suggested c I be taken as 1.0 for impact forces caused by a 20-ft shipping container colliding with a wall in air, and evaluated the equivalent stiffness k eq with
where E d and L are the modulus of elasticity and length of debris (shipping container), respectively; and A c is contact area. Consequently, with
Ko et al. [2] verified Equation (2) in their study and used experimental data to determine the equivalent stiffness k eq instead of Equation (3) for their 1/5-scale shipping container. Furthermore, they found that impact forces for in-water cases are no greater than 17% of the corresponding impact forces for in-air cases, and can be approximately predicted with Equation (2) using the same k eq determined from in-air tests.
Contact area and eccentricity
In this study, the influence of contact area and eccentricity on impact forces are evaluated with a parameter study using two-dimensional (plane strain) solid blocks. To simplify the problem, only in-air conditions are considered here (i.e. no water). Figure 2 illustrates the model setup. Model descriptions and symbols shown in this figure are listed in Table 1 along with the corresponding values considered in this study. This results in 26250 combinations (models). Debris is treated as solid objects and is initially adjacent to a rigid boundary simulating the moment right before contact. Analysis time t ana of each model is taken as (a) (b) (c) in which c d = E l /ρ d is the stress wave propagation speed and E l is a longitudinal elastic modulus. For a plane strain problem, E l can be calculated with
Regular square grids with cell size 0.5 m by 0.5 m, and nine (3 by 3) particles per cell are used. Figure 3 compares the simulation results of all models with full contact surface (i.e. h c = 3 m) against theory values:
The simulation results have good agreement with the theory when the solid blocks have longitudinal lengths L greater or equal to 6 m, but have about 15% error when L = 3 m as shown in Figure 3(b) . This could be caused by the coarse mesh size (which is controlled by the efficiency of self-developed single-threaded MPM program) and hence is identified as the accuracy limitation of this study. To study the influence of the contact area A c = t d h c and eccentricity e c on the impact forces, first the case of e c = 0 m is investigated. Figure 4(a) shows that a decrease in contact area brings down the impact on the boundary, which is consistent with Equation (4) suggested by Piran Aghl et al. [3] . Comparing Figures 4(a) to (c) the influence of A c is lessen with increases of the block lengths L. Next, with a fixed contact area A c = 0.5 m 2 (h c = 0.5 m), which most variants of e c , the eccentricity affect the impact forces slightly in this study and has less influence with longer longitudinal length L ( Figure 5 ). According to the observation in Figures 4 and 5 , a modified height (area) h c with tan θ = 5 (as illustrated in Figure 6 ) is suggested to be used in Equation (7), i.e.
(8) Figure 7 shows this modified equation can capture the impact forces significantly better than Equation (7). Furthermore, because the influence of length L and eccentricity e c on impact force is considered, Equation (8) shall be a suitable equation for predicting impact forces introduced by solid objects. However, more study will be necessary to examine the capability of Equation (8) to predict impact forces introduced by objects containing spaces or gaps, e.g. shipping container, in which the stress waves have different propagation path. 
Contribution of water flow
In the last part of the study, the influence of water flow on debris-induced impact force is discussed with a parameter study using two-dimensional (plane strain) solid blocks. Figure 8 illustrates the numerical model used in this study and Table 2 lists all variable values under consideration. This is a full scale model and has a 1 m-by-5 m bridge. The acceleration due to gravity is g = 9.81 m 2 /s; The water has Bulk modulus K w = 2.2 GPa, mass density ρ w = 1000 kg /m 3 , and viscosity µ = 0.001 Pa · s. A cell-based anti-locking algorithm proposed by [5] is used here for fluid modeling; and a constant flux smoothing algorithm with linear and oscillation limiters presented by [6] is used here to stabilize the simulation. Regular square grids with cell size 0.5 m by 0.5 m, and nine (3 by 3) particles per cell are used. Figure 9 indicates the impact forces due to debris (solid objects) in the water flow are about 25 to 35 percent larger than the corresponding impact forces for in-air cases, evaluated with Equation (8). The variance shown in Figure 9 (c) is related to the mass density ρ d of debris. Figure 10 indicates the influence of debris mass density on the impact force when the length of debris is kept constant. Since, ρ d in this case influences the contact area, eccentricities of impact forces, and wet areas of the debris, more study will be necessary to thoroughly understand the contribution of water flow to the debris-induced impact forces.
Summary and conclusions
In this study, we have discussed the influence of contact area and eccentricity of impact on the impact force. Moreover, the contribution of flow to the flow-driven-debris-induced impact is also studied. The results show the influence of contact area and eccentricity of reaction forces are lessened with an increase in the longitudinal length of the debris. Based on this observation, an improved equation using a modified (contact) height h c in the classic equation for impact force (Equation (7)) increases the capability of capturing the effect of contact area and eccentricity of impact. Tsunami-driven debris-induced impact forces are 25% to 35% larger than the corresponding in-air cases. Additional study is necessary to validate the proposed impact model (as illustrated in Figure 6 ) and understand more about the contribution of water flow to the debris-induced impact forces.
